Anagrelide (ANA) and hydroxycarbamide (HC) are two distinct pharmacological agents used to treat thrombocythaemia associated with myeloproliferative disorders. Although both drugs have been in clinical use for a number of years, comparative studies of their selectivity and mode of action are still lacking. Here, we have evaluated the activities of ANA and HC on the growth and differentiation of human haematopoietic progenitor cells in liquid culture. Both drugs inhibited thrombopoietininduced megakaryocytopoiesis in a dose-dependent manner, but with strikingly different potencies (IC 50 ¼ 26 nM for ANA and 30 lM for HC) and modes of action. Whereas HC inhibited cell proliferation, ANA acted primarily on the differentiation process. At doses that abrogated megakaryocytopoiesis, HC also inhibited the expansion of CD34 þ cells stimulated by stem cell factor, interleukin-3 and Flt-3 ligand and also induced apoptosis. Furthermore, HC inhibited erythroid and myelomonocytic cell growth, induced by erythropoietin or granulocyte-macrophage colony-stimulating factor, respectively. In contrast, ANA showed none of these additional effects. Taken together, these results demonstrate that ANA is a potent and selective inhibitor of megakaryocytopoiesis, having no significant activity against haematopoietic progenitor cell expansion or differentiation into other lineages. In contrast, the anti-megakaryocytopoietic activity of HC cannot be dissociated from its more general cytoreductive and cytotoxic actions.
Introduction
Anagrelide (ANA) and hydroxycarbamide (HC) are two distinct pharmacological agents that inhibit bone marrow megakaryocytopoiesis. [1] [2] [3] This effect underlies their effectiveness in reducing the high platelet count associated with myeloproliferative disorders. [4] [5] [6] [7] In addition, these agents have other distinctive biological actions (reviewed by Hong and Erusalimsky 8 ). Hydroxycarbamide, previously referred to as hydroxyurea, inhibits cell proliferation, is teratogenic in animals and a clastogen in cell culture (reviewed by IARC Working Group 9 ). Anagrelide inhibits platelet aggregation, causes vasodilatation and has inotropic effects. Hydroxycarbamide is a simple chemical antimetabolite that inhibits ribonucleoside diphosphate reductase (reviewed by Yarbro 10 ). This enzyme catalyses the conversion of ribonucleosides into deoxyribonucleosides, which are the building blocks of DNA synthesis and repair. Inhibition of ribonucleoside diphosphate reductase explains the cytoreductive effects of this compound, the concerns about its mutagenic potential and its platelet-lowering action. Anagrelide, in contrast, is an imidazoquinazoline derivative, whose only known primary target is a Type III phosphodiesterase found in platelets and the myocardium. 11, 12 Inhibition of this enzyme accounts for the activity of ANA against platelet aggregation and for its inotropic and vasodilatadory effects, 7 but not for the inhibition of megakaryocyte development. 13 Because of these different pharmacological profiles, comparison between ANA and HC with regard to their selectivity and mode of action is important to help in the evaluation of their relative risk to benefit ratio. However, surprisingly, comparative studies of this kind are still lacking. In an effort to fill this gap, we have evaluated the activities of ANA and HC on the growth and differentiation of human haematopoietic progenitor cells in liquid culture. Here, we report that ANA is 1000-fold more potent than HC as an inhibitor of megakaryocytopoiesis and that the two compounds have a different mode of action. Whereas HC inhibits cell proliferation, ANA acts primarily on the differentiation component of megakaryocytopoiesis. Furthermore, we show that HC but not ANA, at concentrations that effectively inhibit megakaryocytic cell growth, abrogates the expansion of haematopoietic progenitor cells and induces apoptosis. Finally, we demonstrate that HC, unlike ANA, also inhibits erythroid and myelomonocytic cell growth. These studies suggest that whereas the platelet-lowering effects of ANA are due to selective inhibition of megakaryocytopoiesis, those of HC are part of a more generalized myelosuppressive effect.
Materials and methods

Cell culture
CD34
þ cells were purified from human umbilical cord blood by magnetic immunoselection with a purity of 495% and then cultured for up to 12 days in Iscove's modified Dulbecco's medium supplemented with 10% human umbilical cord blood plasma, 0.2% bovine serum albumin, 2 mM glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids (Gibco Invitrogen, Paisley, UK), minimal essential medium vitamins (Gibco Invitrogen), 0.1 mM 2-mercaptoethanol, 100 U/ml penicillin, 0.1 mg/ml streptomycin and diverse haematopoietic growth factors, as indicated in the figure legends. Detailed procedures of cell isolation and culture have been previously described.
14,15
Drug treatments
Stock solutions of anagrelide hydrochloride (10 mM) (Cambridge Major Laboratories Inc., Germantown, WI, USA) and HC (0.5 M) (Sigma, Poole, Dorset, UK) were made in DMSO and water, respectively, and then stored in aliquots at À201C. Drugs were diluted in culture medium immediately before the initiation of treatment. Treatments were commenced 1 or 4 days after the start of the culture period by adding the drug or an equivalent amount of vehicle in a volume of 20 ml to 1 ml cell suspension (0.15-0.2 Â 10 6 cells/ml). Following addition of the drug, cells were left to grow undisturbed until the completion of the incubation period. Treatments were carried out in 2-3 replicates.
Cell counting
The final cell density of the cultures was determined using a Sysmex CDA-500 Particle Analyser (Malvern Instruments, Worcs, UK). In some experiments, viable cell counting was carried out in 0.2% Trypan blue using a haemocytometer.
Analysis of lineage differentiation
Phenotypic differentiation was monitored by flow cytometry using the following fluorescein isothiocyanate-conjugated monoclonal antibodies: Y2/51 (DAKO, Ely, UK), which detects the megakaryocytic lineage-specific marker CD61 (glycoprotein IIIa); CLB-409 (Cymbus Biotechnology, Hants, UK), which recognizes the erythroid differentiation marker glycophorin A; and MfP9 (Becton Dickinson, Oxford, UK), which detects the antigen CD14 on myelomononcytic cells. Cells were stained and analysed as described previously.
14, 15 The fraction of antigen-positive cells was established according to the fluorescence distribution of cells stained with an isotype-matched control antibody. The number of differentiated cells was calculated by multiplying the total number of cells in the culture by the fraction of antigen-positive cells.
Detection of apoptosis
Apoptotic cells were detected by flow cytometry using dual staining with annexin V and propidium iodide (Annexin-V-FLUOS Staining Kit, Roche Applied Science, Lewes, UK) as described previously. 16 In addition, the activity of caspase-3 and -7 was examined using the proluminescent substrate DEVDaminoluciferin (Caspase-Glot assay, Promega, Southampton, UK), according to the manufacturer's instructions. Luminescence was measured in a Tecan ULTRA multifunctional plate reader (Tecan, Austria) and luminescence units were normalized to the viable cell number as described previously. 17 
Statistical analysis
Experiments were repeated at least three times, using for each experiment CD34
þ cells from a different donor. To compare data from different experiments, results are expressed relative to an untreated sample run in parallel. Results were evaluated by the Student's t-test or by analysis of variance followed by the Student-Newman-Keuls post hoc test, as appropriate. A value of Po0.05 was considered to denote statistical significance.
Results
To compare the effects of ANA and HC on megakaryocytopoiesis, we cultured human CD34 þ progenitor cells in the presence of thrombopoietin (TPO) and then monitored the expression of CD61 by flow cytometry, as an index of megakaryocyte development. The selection of drug concentration ranges tested in this study was guided by previously published pharmacokinetic data indicating that, at doses usually used in myeloproliferative diseases, the mean peak plasma concentrations (C max ) of ANA and HC lie around the B20 nM and B100 mM values, respectively (reviewed by IARC Working Group 9 and Pescatore and Lindley 18 ). Figure 1 shows representative flow cytometric profiles of CD61 expression after 12 days of culture. In control cultures, the majority of cells expressed very high levels of this megakaryocytic differentiation marker, whereas in cultures treated with 30 nM ANA, the fraction of CD61 bright cells was reduced by B2.4-fold. In contrast, although addition of 30 mM HC affected the overall number of cells in the culture (see below), in this case a reduction in the fraction of CD61 bright cells was not observed (see Figure 1 ). The dose-responses for the overall effect of these drugs on the total number of megakaryocytes produced are shown in Supplementary Figure S1 . These results demonstrate that ANA and HC inhibited TPO-induced megakaryocytopoiesis with strikingly different potencies, ANA being about 1000-fold more potent than HC (IC 50 ¼ 26 nM for ANA and 30 mM for HC). Nonetheless, the maximum reduction in megakaryocytes achieved by ANA was 75-80% compared to B100% with HC. Thus, although ANA showed higher potency, HC displayed an apparent greater efficacy. Similar results were obtained when drugs were added after 1 or 4 days of culture (data not shown).
To assess whether the inhibitory effects of ANA and HC in these cultures arised from a selective activity against the megakaryocytic lineage, we examined the action of these compounds on the growth of the non-megakaryocytic cells (CD61 À ). In 12-day control cultures, these cells represent 20-35% of the total population (Figure 1 and data not shown). As depicted in Figure 2 , at 30 mM (its IC 50 for megakaryocyte growth), HC caused only a small (B15%) and not significant reduction in the number of non-megakaryocytic cells, whereas at 100 mM, it inhibited the growth of both megakaryocytic and non-megakaryocytic cells essentially completely. In sharp contrast, at every concentration tested, ANA inhibited only megakaryocytic cell growth; furthermore, ANA appeared to shift cell growth to the non-megakaryocytic compartment, an effect that suggested that it was devoid of cytotoxic activity. To substantiate these findings, we examined the effects of ANA and HC on cell death by annexin V/propidium iodide staining under conditions of TPO-stimulated growth. As summarized in Supplementary Table S1 , ANA showed no cytotoxic effects. In contrast, HC, at concentrations that effectively inhibit megakaryocyte growth, reduced cell viability and induced apoptotic cell death. Consistent with these findings, as shown in Table 1 , HC also inhibited the expansion of CD34 þ cells stimulated by interleukin-3 (IL-3), stem cell factor (SCF) and Flt-3 ligand; furthermore, also under these growth conditions, it induced apoptosis. In contrast, in these experiments, ANA showed no cytotoxic activity, revealing only a marginal cytostatic effect at doses above those required for maximal inhibition of megakaryocytopoiesis (Table 1) . To corroborate these results, we also examined an additional marker of apoptosis, namely caspase-3/ 7 activity. As shown in Figure 3 , in agreement with the annexin V/propidium iodide data, an increase in caspase-3/7 activity was detected only in HC-treated cells, thus confirming that ANA did not induce apoptosis.
To obtain further evidence for the lack of selectivity of HC against the megakaryocytic lineage in comparison to that of ANA, we examined the activity of both drugs against the development of other haematopoietic lineages. As shown in Figure 4 (middle panel), HC inhibited significantly and to similar extents the growth of megakaryocytic, erythroid and myelomonocytic cells induced by TPO, erythropoietin (EPO) and granulocyte-macrophage colony-stimulating factor (GM-CSF), respectively. In these experiments, it is noteworthy that although HC reduced the overall number of cells, irrespective of the culture conditions (Figure 4 
Discussion
Megakaryocytes develop from CD34 þ multipotent haematopoietic progenitors through a complex process of proliferation and differentiation, driven primarily by the hormone TPO. 19 This process can be reproduced ex vivo by culturing isolated CD34 þ cells in liquid media supplemented with TPO. Such culture systems have been used to investigate some of the processes involved in the regulation of platelet production 20 as well as the mechanisms that underlie the platelet-lowering effects of drugs such as ANA 3 and interferon-a. 21 Similar ex vivo studies examining the effects of HC on TPO-induced megakaryocyte development have not been reported. Furthermore, comparative studies on the selectivity of platelet-lowering drugs using these systems have not been undertaken. The results reported here demonstrate that ANA and HC inhibit megakaryocytopoiesis by different mechanisms. Hydroxycarbamide acts mainly by inhibiting TPO-induced cell proliferation, whereas ANA acts primarily on the differentiation phase of megakaryocytopoiesis and to a lesser extent on the proliferation phase of this process. In addition, the present study shows that HC induces apoptosis and inhibits a number of additional haematopoietic processes including erythroid cell growth induced by EPO, myelomonocytic cell growth induced by GM-CSF and the expansion of early haematopoietic progenitors induced by a combination of IL-3, SCF and Flt-3 ligand. Anagrelide induces none of these additional effects to a significant degree. Taken together, these findings indicate that inhibition of megakaryocyte development by ANA arises from a potent and selective action on this lineage. In contrast, the anti-megakaryocytopoietic activity of HC results from non-selective cytostatic and cytotoxic actions that emanate from its known effects on DNA synthesis and repair, rather than from an effect on the process of differentiation proper.
A salient finding of the present study is that the concentrations of ANA required to reduce megakaryocyte development by 50% were 1000-fold lower than those of HC. Importantly, the observed IC 50 values are in the range of the respective concentrations of ANA and HC reached in plasma at doses usually employed in anti-thrombocythaemic therapy. 9, 18 One pharmacokinetic report on HC indicates that the C max after a 0.5 g dose, given twice per day, was B100 mM, 22 a concentration that, in the present study, caused complete inhibition of both megakaryocytic and non-megakaryocytic cell growth (Supplementary Figures S1 and S2) , and also showed profound cytotoxic effects (Supplementary Tables S1 and Table 1 ). By contrast, the C max after administration of a 1 mg dose of ANA was reported to be B20 nM (5 ng/ml), 23 whereas in another pharmacokinetic study, a 2 mg dose (the highest recommended single dose of ANA) gave a C max of B50 nM (12 ng/ml) (R Franklin, personal communication). These plasma concentrations of ANA are well within the range that, in the present study, was shown to be effective in reducing megakaryocyte growth in Figure 3 Differential effects of anagrelide and hydroxycarbamide on caspase-3/7 activity in cultures of CD34 þ cells. Cells were grown for 5 days with 40 ng/ml thrombopoietin (a) or for 3 days with 50 ng/ml stem cell factor, 10 ng/ml interleukin-3 and 100 ng/ml FL-3 ligand (b). Drugs were added after the first day of culture. Caspase activity is expressed relative to untreated samples. Results represent the mean7s.d. of three (top) or four (bottom) replicates from one representative experiment. *Po0.05; y Po0.01. Differential selectivity of anagrelide versus hydroxycarbamide Y Hong et al a selective manner and without any apparent cytotoxic effect. Interestingly, although there are substantial concordances between the present in vitro findings and the reported in vivo effects of these drugs, some differences are noteworthy. In our study, ANA did not inhibit EPO-induced erythroid or GM-CSFinduced myelomonocytic cell growth. These findings are in agreement with previous in vitro studies showing that ANA does not affect erythroid or granulocytic-macrophage colony formation in semi-solid cultures. 24 In contrast, in vivo ANA has been reported to induce mild anaemia. 5, [25] [26] [27] Although the origin of this side effect remains to be fully elucidated, the present study suggests that it is unrelated to inhibition of erythroid differentiation. This interpretation is consistent with findings from a previous clinical study showing that anaemia is detected at too early a time for it to be the result of bone marrow inhibition. 26 Furthermore, our results lend further support to previously made suggestions that the anaemia is a reflection of haemodilution secondary to the vasodilatory effects of ANA. 26, 27 On the other hand, our study does not rule out entirely the possibility that in vivo ANA may affect erythropoiesis in a manner that is not detectable using this culture system.
In the case of HC, its anti-megakaryocytic activity could not be dissociated from its pleiotropic cytoreductive effects. Consistent with these findings, administration of this drug to patients with polycythaemia vera (PV) or essential thrombocythaemia (ET) has been shown to reduce significantly the number of circulating CD34
þ cells, as well as the erythroid and CFU-GM colonies grown from their peripheral blood; in the case of ET, this reduction reached levels below those found in normal individuals. 28 Nevertheless, it is important to emphasize that at the doses used to treat myeloproliferative disorders, HC rarely shows acute toxicity and generally has been reported to be well tolerated. 29, 30 This low toxicity in vivo does not rule out the possibility that more subtle effects associated with progenitor cell depletion or disruption of tissue repair mechanisms, in which bone marrow stem cells are now known to be involved, 31 may occur in the longer term.
For a number of years, HC has been the standard therapeutic treatment to reduce platelet counts in ET and PV for patients at high risk of thrombosis. 6, 29 More recently, mainly because of concern about the leukemogenic potential of HC, 32 ANA has also become widely used. 25, 26, [33] [34] [35] However, the choice between the two drugs is often uncertain. Results from a recent clinical trial comparing HC and ANA in high-risk ET patients showed an increased frequency of vascular events and more cases progressing to myelofibrosis in the ANA group. 36 Thus, the findings from this trial raise the possibility that beyond its effects on megakaryocytopoiesis, the broader cytoreductive activity of HC may in fact be beneficial for certain patients. In this regard, considering the alleged involvement of activated monocytes in myelofibrosis, 37 a reduction in the number of these cells could explain the lower number of cases progressing to this condition in the HC-treated group. Similarly, it has been suggested that a reduction in white blood cells, given their pro-coagulant role, could result in a lower number of thrombotic events. 36 However, this possibility should be taken cautiously because in the HC-treated group, there was in fact an increase in the incidence of deep vein thrombosis, whereas in ANA-treated patients, of all the thrombotic complications assessed, only transient ischaemic attacks were significantly increased. The reasons for these seemingly contradictory findings are presently unclear, although the possibility that some of them could be due to the relative small number of events or to heterogeneity in the study groups has been raised. 38 In the present study, inhibition of megakaryocytopoiesis by ANA was associated with an increase in non-megakaryocytic cells. It could be argued that the increase in this fraction might be related to some of the adverse events observed in the abovementioned clinical trial. However, the possibility that in vivo ANA might promote proliferation of non-megakaryocytic cells seems unlikely given that this has never been reported and that in the clinical trial an increase in transformation to acute myelogenous leukaemia was not observed. 36 Furthermore, it is also unlikely that the increase in the non-megakaryocytic fraction is related to the higher incidence of myelofibrosis referred to above, at least in so far as these cells were nonfibroblastic in nature (data not shown), and ANA did not cause an increase in monocytic cells (Figure 4) . Thus, in our study, the increase in the non-megakaryocytic fraction is most probably related to the growth characteristics of the culture system, in which proliferation and differentiation forces are in dynamic equilibrium.
When considering the clinical significance of our findings, it should also be emphasised that comparisons between the two drugs were made using cells from normal donors, which require cultivation in the presence of growth factors. In contrast, in myeloproliferative disorders, the haematopoietic precursors often show autonomous growth characteristics. In this respect, it was recently found that a significant proportion of patients with ET and the majority of those with PV carry an activating somatic mutation in the protein tyrosine kinase JAK2 (reviewed by Kaushansky 39 ). Because JAK2 activation is an early signal transduction event shared by different haematopoietic growth factors, this mutation is likely to have pleiotropic effects. Our results suggest that ANA would only oppose the effect of the mutation on platelet production, whereas HC would counteract the effects of the mutation in all myeloid lineages. Thus, although our findings suggest that in vivo, ANA may lower platelet count with less deleterious haematological consequences, they also indicate that for certain patients, non-specific myelosupression with HC may lead to more favourable outcomes. Conversely, the present study does not rule out entirely the possibility that therapeutically HC could show some degree of selectivity in those cases in which the aetiology of the disorder is such that only the megakaryocytic lineage is affected. Finally, the findings that ANA and HC have different mode of actions call for further investigations to assess whether combination therapy with the two drugs may have clinical advantages for some patients.
